We investigate the consequences of strong electronic coupling at the organic semiconductor / metal interface in both the ground and excited state manifold for the case of chloro-boron subphthalocyanine on Cu(111). Using a combination of low-temperature scanning tunneling microscopy, ultraviolet and angle-resolved two-photon photoemission spectroscopy, we are able to connect local electronic interactions at the interface with thin film structure despite complex growth in the sub-monolayer regime. We show that strong coupling leads to charge-transfer from the surface to the molecule and are able to correlate this observation with the specific molecular adsorption geometry. Strong coupling further results in molecular excited state anion resonances and is responsible for autoionization of highly excited image potential states, reporting on the heterogeneous electronic environment in these thin films. This study provides a step towards disentangling interfacial electronic interactions at complex organic / metal interfaces.
INTRODUCTION
Interfaces of organic semiconductors with metals exhibit rich physics due to the interplay of the localized molecular electronic structure and the delocalized band structure of the supporting surface [1] . Both short-range and long-range interactions can play an important role, making it at present still difficult to predict or rationally design a desired energy-level alignment at such an interface [2, 3] . Further complications arise from an often rich and complex landscape of organic film growth and self-assembly at the metal surface [4] , since the interfacial properties arise due to both surface/molecule and molecule/molecule interactions [5, 6] . This is further accentuated in the case of strong coupling, where charge-transfer across the interface can have a substantial impact on the interfacial energy-level alignment [7] [8] [9] [10] .
Particularly missing is a close connection between electronic structure and self-assembly at the surface. Structure is often inferred spectroscopically [11] [12] [13] , an approach that works well for highly ordered organic thin films such as e.g. C 60 on Cu (111) [14] or PTCDA on Ag (111) [9] .
More commonly though, organic thin film growth can be rather complex [15] , and mechanisms of establishing the interfacial electronic structure must be inferred somewhat indirectly.
Importantly, in such films the electronic structure can be expected to vary locally, and as a result disentangling the energetics in photoelectron spectroscopy is usually challenging. The combination of photoelectron spectroscopy with scanning tunneling microscopy (STM) provides however a powerful approach towards connecting film and electronic structure. Such characterization of the varying local electronic environment particularly at a strongly coupled organic/metal interface is thus a key step in understanding energy level alignment and carrier dynamics in systems with complex film structure. For example, in organic electronic devices where films are frequently prepared under less controlled conditions, inhomogeneous film growth can be expected to lead to different energy level alignment in microscopically different regions of the interface, giving rise to active vs. inactive sites and likely different carrier dynamics [16] . Hence, systematic studies connecting thin film growth at a molecular level and electronic structure in films of model organic semiconductors on metal surfaces are needed in order to reveal the relevant driving forces for establishing interfacial energy level alignment.
Here, we investigate the electronic interactions of a dipolar organic semiconductor, chloroboron subphthalocyanine (ClB-SubPc) with Cu(111). The combination of low-temperature scanning tunneling microscopy (LT-STM), valence band photoemission (UPS) and two-photon photoemission (TPPE) enables us to obtain detailed information of the interface, electronic structure and its dependence on thin film structure despite complex polymorphic thin film growth. We are able to unravel the rich spectroscopy of this organic/metal interface to reveal the presence and origin of strong electronic coupling between surface and molecule. We show that a subset of ClB-SubPc molecules undergo a significant charge-transfer upon adsorption on Cu(111). This interaction is detected from (i) a newly occupied state arising near the Fermi level and (ii) autoionization of an image potential state of Cu(111) into the continuum above ClBSubPc islands. This paper is organized as follows: In section 2, we provide the details of the experimental procedures for UPS, TPPE, and STM measurements. The molecular growth determined from STM images is presented in section 3, and related to the interfacial electronic structure observed at various surface coverages. Section 4 contains a detailed analysis and discussion of the surface/molecule coupling, the complex interfacial electronic structure arising from the polymorphous thin film growth, and the influence of the varying local vacuum level on the surface/molecule interactions. A brief summary of important findings from the TPPE, UPS, and STM results concludes the report.
EXPERIMENTAL
The polished Cu(111) crystal was purchased from Princeton Scientific (99.999% purity) and cleaned by repeated cycles of Argon ion sputtering and annealing. ClB-SubPc was purchased from Sigma-Aldrich and was purified by gradient sublimation in a custom-built furnace, followed by degassing in a home-built Knudsen cell overnight under ultrahigh vacuum conditions and at temperatures slightly below sublimation.
Analysis of the electronic structure of the ClB-SubPc films was performed with a photoelectron spectrometer (VG EscaLab MK II) equipped with an integrated sample heater and operated under ultrahigh vacuum (UHV) conditions at a base pressure of 2 10 Torr. All spectra were acquired at room temperature. ClB-SubPc films were analyzed using He(I) UPS (SPECS UVS 10/35, 30° angle of incidence from normal) to determine the global vacuum level at the interface and to determine occupied levels such as the highest occupied molecular orbital (HOMO) etc. The interfacial electronic structure of ClB-SubPc/Cu(111) was investigated by angle-resoled TPPE (AR-TPPE) with a tunable femtosecond laser system, which consists of a Ti:sapphire oscillator (80 MHz repetition rate, 100 fs pulse duration) frequency-doubled andtripled to obtain photon energies in the range of 2.61-5.10 eV. The ultrafast laser pulses were compressed in prism pairs and introduced into the UHV chamber through a fused silica viewport.
In order to avoid space-charging and photo-induced sample damage, the pulse energy was kept at or below 350 pJ. The energy and angular resolution of the photoelectron spectrometer were 89(8) meV and 1.5°, respectively. During deposition of organic molecules, the substrate was kept at room temperature and the ClB-SubPc surface coverage was determined by a custom-built quartz crystal microbalance calibrated separately in the STM chamber. All photoemission feature energies are reported as peak centers.
STM measurements were carried out in a separate UHV system (base pressure 1 10 Torr) equipped with a low temperature STM (CreaTech). Purified ClB-SubPc molecules were sublimated onto Cu(111) held at 205 K or room temperature in a separate preparation chamber, and the sample was subsequently transferred to the cooled microscope head. All STM images were obtained using electrochemically etched tungsten tips in constant-current mode at 5
K. Coverage-dependent and temperature-dependent STM experiments showed no evidence of dissociation of the Cl atom from ClB-SubPc on Cu(111). The molecular film thickness was determined from statistical analysis of STM images at low coverages. A monolayer of ClBSubPc refers to a putative idealized full monolayer, self-assembled in the high density hexagonally close-packed structure (see below). All ClB-SubPc/Cu(111) coverages in both STM and TPPE analysis are reported in terms of monolayer equivalent (MLE) based on this analysis.
As shown in Figure 1 
RESULTS
We first briefly discuss the growth of the adsorbate on the surface in order to understand the molecular organization, since we will show below that this directly impacts the interfacial electronic structure. We then proceed to present the spectroscopic results from TPPE measurements, so as to disentangle the complex surface/molecule interactions in order to connect thin film structure and photoemission spectroscopy results. These can be associated with two types of adsorption geometries: Molecules with high electron density in the center are assigned as "Cl-up" (Cl facing vacuum), while the configuration with lower density in the molecular center corresponds to "Cl-down" (Cl facing surface). In both orientations, the 3 C molecular axis is oriented perpendicular to the surface. These two geometries are generally the only ones found on the surface, and are sufficient to describe the self-assembly and film structure at higher coverage and room temperature as well. The LT-STM data show therefore that room-temperature-grown films are dominated by a "Cl-up" wetting layer. In addition, both patches of bare Cu (111) and multilayer clusters without clearly defined molecular adsorption structure are also present. At lower temperature and coverage, films grow in a more ordered fashion with multiple different preferred island structures. This understanding forms the basis for investigations of the interfacial electronic structure in the remainder of the study.
Film Growth and

Electronic Structure.
With an understanding of the complex and heterogeneous growth for several different coverages in hand, we turn our attention to the interfacial electronic structure. In this section we first present an overview and assignment of the observed features in the photoemission spectra, including the work function evolution. This overview will already indicate the presence of strong interface coupling, which will then be discussed in more detail in section 4.
Evolution of the Work Function.
The work function, measured at the secondary electron cut-off in photoelectron spectroscopy as a global work function [20] , exhibits the balance between various forces that increase or decrease the vacuum level of a system upon molecular adsorption [5, 21, 22] . Molecular dipole moment [23, 24] , electron transfer from surface to molecule and chemisorption [25, 26] as well as push-back effects [27] can all contribute to the work function change upon film growth. The work function evolution gives thus a first clue to the surface/molecule interactions. Figure 4 shows the coverage-dependent evolution of the global work function as measured by UPS of ClB-SubPc on Cu(111). The interface clearly develops a strong interface dipole, saturating only near 2 MLE (see Figure 4 ). This is indicative of an at least partially heterogeneous 3D growth mode and in agreement with LT-STM for room-temperature grown films ( Figure 3b ).
An overview of the evolution of the interfacial electronic structure, measured by TPPE at an excitation energy of 3.31 eV and ranging from sub-monolayer to multilayer coverage, is shown in Figure 5 . The assignments discussed next arise from consistent global fits of the AR-TPPE spectra acquired in the range of 3.1 -3.4 eV and 4.0 -4.5 eV and the two different coverages also studied by LT-STM. There are altogether six distinctive features that show up at this and all other excitation energies investigated, discussed in the following sections. wavefunctions [28] [29] [30] . Evidence for the latter stems from charge-transfer observed at the interface and is discussed in more detail in section 4.1.
Shockley Surface
f-LUMO.
The most striking feature observed appears at sub-monolayer coverages near the Fermi energy, labeled "f-LUMO" in Figure 5 . A close-up of this region is shown in in response to an adsorbate [32] , in some instances even into the unoccupied manifold to energies above E F [33, 34] . This could in principle give rise to an emerging surface state with an apparent binding energy close to E F . That this is however not the case is clearly seen in Figure   6a , where the f-LUMO is distinctly non-dispersive, indicating a localized and hence more molecular character. Close inspection of Figure 6b also shows that the associated peak is asymmetric, bisected by E F . All these observations taken together strongly suggest chargetransfer as its origin, partially filling the ClB-SubPc lowest unoccupied molecular orbital (LUMO) and hence labeled "f-LUMO". Note that this state is no longer observed at multilayer coverage, in good agreement with the notion that the "f-LUMO" state originates from charge transfer occurring at the interface from the surface to the molecule. We note as an aside that this state was not detected as clearly in the UP spectra of the same films (see Figure 6e) , although a faint shoulder may be just perceived. We tentatively attribute this to different photoemission cross-sections of UPS, making TPPE an invaluable tool in studying the interfacial electronic structure of organic/metal systems. 
Excited States.
In Figure 5 , an additional feature labeled "Excit" is observed very faintly already at 0.47 MLE, emerging more clearly at 0.85 MLE ClB-SubPc/Cu(111). Its slope Δ = 1.1(1) identifies it as arising from unoccupied levels. The broad width when compared to all other features in the spectra (~700 meV) suggests that this feature corresponds to a cluster of closely spaced excited states with energies between ~2.0 and 2.5 eV above E F .
To investigate whether these excited states are excitonic in nature, we compare their relative energetic positions with respect to the "f-LUMO" and "HOMO". The excitation energies used in the TPPE spectra (3.1-3.4 eV) are insufficient to populate these states from the HOMO, let alone lower lying occupied molecular levels. At the same time, their energy is not commensurate with direct excitation from the "f-LUMO" either. Hence, these states are likely populated by scattering from Cu(111) electrons and correspond thus to molecular anion states, a hallmark of strong coupling between the molecular and surface electronic states [35] [36] [37] [38] . Such strong coupling in the first molecular layer may be expected given the formation of an "f-LUMO", and further suggests mixing of molecular and (bulk) electronic states of Cu (111) [39] . Figure 5 shows no photon energy-dependence, ∆ 0, and corresponds therefore to a final state resonance. This indicates a discrete state residing above the vacuum level, embedded in the translational continuum of the free photoelectron. In the present case and based on its coverage dependence and final state energy, this feature is however attributed to the 2 image potential state of bare Cu(111), with a binding energy pinned to the local vacuum level of a patch of bare surface. As will be discussed in more detail in section 4.2, detection in our TPPE spectrum results from autoionization into the continuum supported above the local vacuum level of islands of ClBSubPc/Cu(111). All observed attributes of the state labeled "f-LUMO" suggest strongly that this state is formed by partial electron transfer from Cu(111) to a previously unoccupied state of the molecule: i) The peak center is very close to E F , with E F bisecting the peak; ii) assignment of this feature as HOMO is incompatible with an ionization energy of approximately 6 eV reported previously on Ag(111) [31] and measured by us on graphite, given a global work function below 4.5 eV; iii) the solution HOMO-LUMO gap of ~2.2 eV [40] predicts to first approximation a LUMO energy near E F ; iv) the localized, non-dispersive electronic character is indicative of a molecular level; and v) the disappearance of this peak at coverages r 1 MLE is expected for an interface-specific feature arising from charge-transfer from the surface to a molecule. Given this interpretation of the "f-LUMO", the binding energy of -0.03(2) eV at k || = 0 implies transfer of close to a full electron to the molecule and is presumably accompanied by backdonation to lower lying molecular orbitals [41] .
Image Potential States. The feature labeled "IPS" in
Summary of
Such adsorption-induced partial electron transfer from surface to molecules has recently been observed e.g. for PTCDA, C 60 , and several other organic molecules on coinage metal surfaces [26, 31, 35, 40, [42] [43] [44] [45] [46] . In the case of ClB-SubPc on Ag(111), Berner et al. inferred a partial charge transfer from surface to molecule from analysis of XPS and UPS [31] . This transfer was suggested to be localized on the Cl atom of ClB-SubPc, oriented towards the surface on Ag (111), and appears to show no effect on the π-system of the molecular ground state.
The combination of STM and photoelectron spectroscopy leads to a different conclusion for ClB-SubPc on Cu(111). The photoemission intensity for the "f-LUMO" exhibits a distinct angledependence (Figure 6a ), in agreement with the molecular origin of this state. This is likely the result of photoemission selection rules in structured thin films with well-organized adsorption geometries [23, 47] . This indicates that the "f-LUMO" arises from ordered molecular structures on the surface, which from the STM data in Figure 3 are associated with the high-density hexagonally packed "Cl-up" molecules directly at the metal interface. "Cl-up", also the preferred orientation at the organic/metal interface for the films and coverages investigated here, is thus very likely the specific molecular adsorption geometry undergoing charge-transfer on this surface. This is at variance with the findings on Ag (111), where charge-transfer was suggested to be partial and localized to the Cl-atom only, believed to be in direct contact with the Ag surface ("Cl-down"). It is however fully consistent with reports of several flat metal phthalocyanines that undergo charge-transfer to the π-system as well, and indicates the more activated nature of the Cu surface. Taken together, the identification of the "f-LUMO" as originating from partial charge-transfer across the interface is indicative of strong coupling of ClB-SubPc to Cu(111), and may also explain the observed quenching of the Shockley surface state at higher coverages [28] . cut-off of the TPPE spectra, and this state can thus not be resolved at this coverage and with these photon energies used.
Interface Coupling and the
Aside from the "f-LUMO" and excited state features, the TPPE spectra at 0.85 MLE show an additional feature close to the secondary electron cut-off. Its lack of a photon-energy dependence of E final (∆ 0) identifies it as a discrete final state located above the global vacuum level, as was also reported e.g. for the unoccupied π* e 2u state of benzene on Cu(111) [12] .
Strikingly, the intensity of this feature appears to increase with larger excitation energies, (5), less than the expected Δ = 2 for a regular occupied level.
CONCLUSIONS
In summary, we present a comprehensive analysis of the interfacial electronic structure of the initial stages of thin film growth of ClB-SubPc on Cu(111) by TPPE. The combination of LT-STM, UPS and AR-TPPE allows disentangling the interfacial interactions to a considerable degree despite inhomogeneous growth and structural polymorphism exhibited at this interface.
The inhomogeneous film growth of ClB-SubPc on Cu(111) gives rise to different local vacuum levels, resulting in coexisting different local interfacial electronic structures that we are able to unravel. In particular, the STM data show orientation-dependent adsorption behavior in ClBSubPc films, where the "Cl-up" orientation is favored in the wetting layer. The photoelectron spectroscopy uncovers strong coupling to the surface with charge-transfer from the surface to the molecule, resulting in a newly filled "f-LUMO" located at the Fermi level. The observed chargetransfer state is interface-specific and is related to the predominant "Cl-up" orientation of the molecule on the surface.
Strong interfacial and lateral electronic coupling also results in molecular anion resonances at energies in excess of the "f-LUMO" and potentially causes intensity borrowing and resonance enhancement of the 2 image potential state of bare Cu(111). The orientation-selective adsorption behavior of ClB-SubPc on Cu(111) and the existence of different local vacuum levels at the interface demonstrate a significant aspect of thin film morphology for understanding surface/molecule interactions. Our results show that it is necessary to closely correlate the molecular detail of film structure with the spectroscopy in order to understand the interfacial electronic structure. This is particularly true in the case of significant structural heterogeneity, but likely holds more generally, opening the door for detailed investigations of mechanisms for interface dipole formation, energy level alignment and charge-transfer dynamics at interfaces even of complex organic thin films. 
